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1. Introduction 
 

Sandy soil has poor cohesion and low tensile strength 

due to its loose structure. This disadvantage caused some 

problems and failures in geotechnical engineering aspects 

such as slope protection, highway/railway embankment, soil 

surface erosion, and liquefaction due to earthquake (Consoli 

et al. 2011, Chang et al. 2015a, Liu et al. 2020). As a 

result, sand reinforcement has been studied over the last 

decade, and it has been discovered that the combination of 

chemical additives (e.g., polymer, cement, lime, and fly 

ash) and fiber (e.g., natural and synthetic fibers) 
reinforcement is the most widely used. Regarding 

environmentally friendly materials in geotechnical 

engineering applications, using biopolymers as reinforced 

soil materials shows more benefits for slope protection and 

earth stabilization (Chang et al. 2020). Natural rubber is a 

biopolymer with the chemical formula C5H8 and a 

molecular structure of cis-1, 4-polyisoprene derived from 

the Para rubber tree (Tuntiworawitt et al. 2005). Since it has 

high cis-bond content and molecular weight, natural rubber 

has excellent resilience, elasticity, abrasion resistance, and 

heat dispersion (Hayashi 2009). The effect of biopolymer  
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on the mechanical properties of sandy soil has been 

investigated (Kavazanjian et al. 2009, Burbank et al. 2011, 

Anagnostopoulos et al. 2013, Chang et al. 2015b, Chang et 

al. 2016, Qureshi et al. 2016, Rezaeimalek et al. 2018, 

Chang et al. 2019, Lee et al. 2019, Cabalar and Demir. 
2020, Kwon et al. 2020, Smitha et al. 2021). Their findings 

show that forming elastic and viscous membrane structures 

of biopolymers through physicochemical bonds between 

molecules and sand particles can improve shear strength, 

mitigating seismic-induced liquefaction, and erosion 

resistance. 
Furthermore, Khatami and O'Kelly (2018) investigated 

the use of different biopolymers to prevent granulated blast-
furnace slag cement particulate grouts from bleeding. They 

discovered that diutan gum and xanthan gum were the most 

effective at preventing bleeding. A remarkable increase in 

the California bearing ratio (CBR) value of biopolymer 

treated silty clay of 340% was reported by Kolay and 

Dhakal (2020). Regarding the tremendous potential 

enhancement and eco-environmental benefit of biopolymer 

treated sand thus, natural rubber latex (herein referred to 

Para rubber, PR) was attempted for this purpose. Previous 

research has shown that using PR strengthening improves 

shear strength properties and has a significant impact on the 

pore size distribution of poorly graded sand. Lukjan et al. 
(2018) reported that the degree of improvement of the stress 

ratio and shear strength parameters (e.g., cohesion, internal 

friction angle, dilation angle) is a function of the PR 

content. For instance, the stress ratio increases by about 

15%, 35%, and 50% when adding PR content by 10%, 

15%, and 20%, respectively. The permeability and soil-
water characteristic results indicated that PR reduces the 

hydraulic conductivity of sand by about 3 orders of 

magnitude (Lukjan et al. 2020). Paotong et al. (2020) 
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conducted the unconfined compression test on reclaimed 

asphalt pavement that had been improved with PR and 

Portland cement. They discovered that the mixture of 5% 
PR and 7% cement has a high potential for use in road 

construction, especially in the base and subbase courses. 
Buritatun et al. (2020) reported that replacing the PR 

improved the engineering properties of cement-stabilized 

coarse-grained soil by up to 30%, 21%, and 18% for 3%, 

5%, and 7% cement contents, respectively. For the flexural 

strength was improved up to 78%, 40%, and 29% for 3%, 

5%, and 7% cement contents, respectively.  

Using fibers as reinforcing materials in the soil is still 

attracted increasing attention in geotechnical engineering 

applications. As mentioned above, natural fibers (e.g., 
palm, coir, sisal, bamboo, and jute) and synthetic fibers 

(e.g., polypropylene, polyester, polyethylene, and polyvinyl 

alcohol) are widely used for soil reinforcement. Jamellodin 

et al. (2010) proposed the shear strength and internal 

friction angle of palm oil fiber-reinforced soft clay and 

exhibited the optimum fiber content of 0.75%. Ahmad et al. 
(2010) studied the effect of palm fiber coating with acrylic 

butadiene styrene polymer of the reinforced silty sand 

specimen under a triaxial test. They reported that coating 

fibers increase the shear strength of the soil due to the 

increase in the diameter and surface area of the fiber. They 

also described the increasing cohesion of about 35% of the 

mixture when additional palm fiber content was 0.5%. 
Even though the natural fibers have some drawbacks in 

practical applications, such as biodegradability, this issue 

can be resolved by chemically treating the fibers (Wei et al. 
2018). Kurugodu et al. (2018) estimated a strength 

improvement factor (SIF) of polypropylene fiber-reinforced 

soil using the genetic programming (GP) approach. The 

results showed that the SIF increases with increasing fiber 

content up to 0.75%, then decreases from 0.75 to 1%. He et 

al. (2021) investigate the tensile strength characteristics of 

PP fiber reinforced soil with different fiber dispersion (i.e., 
discrete or random distribution), aspect ratio, and content 

(0.35%, 0.60%, and 0.85% by weight of soil). The 

experiment results indicated that the tensile strength 

increased with increasing fiber aspect ratio. Moreover, the 

tensile strength of the specimen conducted by random fiber 

distribution was higher than that discrete distribution. 
Armaghani et al. (2020) predicted soil shear strength 

parameters using artificial neural network (ANN)-based 

models and neuro-imperialism approaches. They concluded 

that neuro-imperialism provides a new application model 

for predicting the internal friction angle and cohesion of 

polypropylene fiber-reinforced sandy soil. The drained 

triaxial compression test was used by Bahrami and Marandi 

(2020) to investigate the effect of imposed strain level on 

the strength ratio of date palm fiber-reinforced sand. They 

stated that it is critical to be concerned with selecting the 

appropriate strength in practical design because the strength 

or strength ratio varies with strain level. 
Many scholars have recently stated that using composite 

reinforcement materials (e.g., fiber-reinforced cemented 

and fiber-polymer reinforced soil) will significantly 

improve the engineering properties of soils. According to 

published literature, the benefits of such combining 

reinforcement soil contribute to increasing strength 

development, increasing ductility behavior, erosion 

resistance, and reduced swelling and shrinkage. For 

instance, Park (2011) investigated the strength and ductility 

characteristics of PVA fiber-reinforced cemented sand and 

discovered that the unconfined compressive strength 

increased more than threefold as the fiber ratio increased up 

to 1%. That ductility also increased significantly with 

increasing fiber ratio. Kutanaei et al. (2017) stated that 

using polyvinyl alcohol fiber-reinforced cemented sand 

with nanosilica increases the compressive strength and 

energy absorption. Lv et al. (2019) investigated the 

performance of three different fibers reinforced cemented 

sand mixtures, concluding that polypropylene fiber had the 

best improvement effect on the mechanical behavior of the 

cemented sand, followed by polyester fiber and polyamide 

fiber. Liu et al. (2018) found that the polyethylene polymer 

solution enwraps sand particles, absorbs on the basalt fiber 

surface, fills voids, and creates bonds in the sand-fiber 

mixture. The effect of PVA fiber-reinforced cemented 

Toyoura silty sand on shear wave velocity was discovered 

by Safdar et al. (2021). They discovered that adding 2% 
cement and 1% fiber content resulted in a 24% increase in 

shear wave velocity. 
However, while the preceding PR research primarily 

focused on the strength behaviors of PR-cemented soil, 

there have been few reports on the combined behavior of 

PR and fiber-reinforced sand. Therefore, the purpose of this 

study is to investigate the engineering properties and 

strength behavior of sand reinforcement using liquid PR as 

a chemical binder and a combination of two different types 

of fibers: natural and synthetic fiber. A series of laboratory 

tests were performed, including unconfined compressive 

and splitting tensile strength tests. Furthermore, the 

combined mechanism of the PR-treated sand and PR-fibers 

reinforced sand were examined using a scanning electron 

microscopic (SEM) image. 
 

 
2. Materials and experiment program 
 

The experiment program was performed in three stages: 

Firstly, the physical properties of materials used, namely 

sand, Para rubber (PR), natural fiber (NF), and geosynthetic 

fiber (GF), were characterized. Secondly, composite 

specimens were prepared for a series of mechanical tests, 

including PR-treated sand (PRTS), NF-reinforced PR 

treated sand (NFRTS) and, GF reinforced-PR treated sand 

(GFRTS). Thirdly, the scanning electron microscopy test 

was conducted on the observed microstructure of the 

mixtures. 

 
2.1 Materials 
 

The experiment program was performed in three stages: 

Firstly, the physical properties of materials used, namely 

sand, Para rubber (PR), natural fiber (NF), and geosynthetic 

fiber (GF), were characterized. Secondly, composite 

specimens were prepared for a series of mechanical tests, 

including PR-treated sand (PRTS), NF-reinforced PR  
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treated sand (NFRTS) and, GF reinforced-PR treated sand 

(GFRTS). Thirdly, the scanning electron microscopy test 

was conducted on the observed microstructure of the 

mixtures. 

Para rubber latex (Fig. 1 (b)) is a stable colloidal 

dispersion of polymeric materials in an aqueous medium 

commercially available. High ammonia centrifuged latex 

was used in this study with an ammonia content of 0.70%. 

It has a specific gravity (at 25ºC) of 0.945, dry rubber 

content being 60.05%. Other physicochemical parameters 

are summarized in Table 2. 

Fibers used in this study included natural fiber (NF) and 

geosynthetic fiber (GF), as shown in Figs. 1(c) and (d). The 

oil palm fiber, extracted from an empty fruit bunch by 

retting process, was selected as NF. The GF was obtained 

from waste polypropylene textile products. Before the GF 

was added, the strip textile was shredded to fine filamentous 

and then mixes into dry sand (Consoli et al. 2011, Liu et al. 

2020). The fiber contents used in the experiments were 

0.5% and 1% by weight of dry sand. The fiber length and 

fiber content were chosen based on published research on 

liquid polymer and fiber-reinforced sand. The majority of 

the literature suggested using fibers at a dosage of not 

beyond 1% by weight of sand, with fiber lengths ranging 

from 10 to 50 mm. (e.g., Ahmad et al. 2010, Jamellodin et 

al. 2010, Hejazi et al. 2012, Liu et al. 2018, Liu et al. 2019, 

Sonmezer 2019, Bahrami and Marandi 2020). Furthermore,  

 

 

 

 

 

Pradhan et al. 2012 reported that the strength of fiber-

reinforced soil with beyond 20 mm of fiber length may 

cause the reduction of soil–fiber interlocking. Therefore, 20 

mm fiber length was selected in this experiment. The 

physical properties of the NF and GF are summarized in 

Table 3. 

 
2.2 Specimen preparation 
  

To investigate the effect of different PR and fibers 

contents on the mechanical behaviors of sand, the 

preparation of samples was carried out with five PR 

contents of 15%, 17.5%, 20%, 22.5%, and 25%, and two 

fiber contents of 0.5%, and 1% by weight of dry sand. 

Three replications of each mixture were prepared by hand-

mixing the required dosage of dry sand, PR, and fibers. 

First, the dry sand was mixed with fibers (NF and GF), then 

thoroughly mixed with the PR. Finally, the sand-fiber-PR 

mixture for each content was filled into a cylindrical split 

metal mold with a 50 mm diameter and 100 mm height. 

Then, the specimen was compacted in three layers with 25 

consecutive lifts using a tamping rod in a mold with respect 

to energy controlling. In addition, the sand-PR mixtures 

were also prepared with the same procedure. Therefore, the 

molding of a total of twenty-five mixtures (i.e., 25 x 3 =75 

specimens) was completed. 

    
(a) Sand (b) Para rubber (c) Natural fiber, NF (d) Geosynthetic fiber, GF 

Fig. 1 Materials used in the experiment 

Table 1 Physical properties of sand 

Gs 
min 

(g/cm3) 

max 

(g/cm3) 
emin emax 

%Passing D50 

(mm) 
Cc Cu 

1.20 mm 0.60 mm 0.30mm 0.15  mm 

2.64 1.40 1.61 0.64 0.88 100 80.7 11.8 2.0 0.42  1.04  1.65  

Table 2 Physical properties of liquid Para rubber (PR) 

Dry rubber 

content (%) 
Specific gravity pH 

Ammonia 

content (%) 

Volatile Fatty Acid 

Number (VFA) 

Viscosity 

(cps.) 
KOH number 

60.05 0.945 10.96 0.70  0.025 59.2 0.65 

Table 3 Physical and mechanical properties of fibers 

Fiber type 
Length 

(mm) 
Color Shape 

Density 

(g/cm3) 

Tensile strength 

(MPa) 

Natural fiber, NF 20 Brown Strip 1.40 90 - 206 

Geosynthetic fiber, GF 20 White Monofilament 1.35 1,120* 

*Grab tensile strength (N) 
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After the molding process, the curing methods were 

considered to reduce the curing duration. In this experiment, 

determination of appropriate curing duration was conducted 

by placing and drying the molded specimens in a drying 

oven for 72 h. To avoid degradation of the polymer under 

high temperatures, the heating temperature of 100C was 

selected following the suggestion of Zhang et al. (2015) and 

Rezaeimalek et al. (2018). After drying, there was no 

significant change in its mass (i.e., a mass of the samples is 

gradually constant after 48 h of curing time). Thus, all 

specimens used in this experiment were cured at 100C for 

48 h. Fig. 2 shows the variation in the dry density induced 

the inclusion of PR, NF, and GF contents of treated sand 

specimens. As shown in Fig. 2, it exhibits a similar shape to 

the soil compaction curve. As observed, the dry density of 

such specimens gradually increases with the increasing PR 

content. This relationship indicates that the maximum dry 

density reaches the optimum at the PR content of about 

20%. 

 

2.3 Testing program 
 
2.3.1 Unconfined compression test 
The 50 kN compression machine was employed to 

perform the unconfined compressive strength (UCS) test 

following the ASTM D2166 (ASTM. 2016). Before testing, 

the weight and dimension of the specimens were recorded. 

Then, a force was applied with a loading rate of 1 mm/min, 

and the axial deformation of each specimen was measured. 

Finally, the tests were terminated when the specimen 

reached failure or the peak stress sufficiently passed, which 

was at a strain less than 10% (Rezaeimalek et al. 2018). 

Additionally, the UCS tests were conducted on triplicated 

specimens, and an average value was reported. 

 

2.3.2 Splitting tensile strength test 
According to ASTM C 496 (ASTM. 2017), the splitting 

test was conducted by placing the specimen on the loading 

strips of the testing machine. First, the load at a constant  

 

 

rate of 1 mm/min was applied to the specimen, and then the 

maximum load was recorded. Finally, the splitting tensile 

strength (qt) value was calculated using the following 

equation: qt = 2000Pmax/DL, where the qt is the splitting 

tensile strength (kPa), Pmax is the maximum load (N), D is 

specimen diameter (mm), and L is the specimen thickness 

(mm). 

 
 
3. Result and discussions 

 

Both the UCS and splitting tests were carried out to 

investigate the contribution of the PR and fibers to 

strengthening the poorly graded sand. For the UCS test, the 

peak strength (qu), residual strength (qr), and secant 

modulus (E50) were studied. The residual strength (qr) is 

defined as the stress at failure. For the splitting test, only 

average values of the tensile strength (qt) were reported. 

Moreover, the compressive and tension failure patterns 

were also evaluated in this study. All the experimental 

results are summarized in Table 4. The detailed analysis is 

given in the following section. 

 
3.1 Unconfined compressive strength 
 
3.1.1 Stress-strain characteristics 
Duan et al. (2019) illustrated that the stress-strain curve 

behavior of fiber-reinforced cemented soil could be divided 

into compaction, linear, nonlinear, and failure stages. Fig. 3 

shows the axial stress-strain relationships of the PRTS, 

NFRTS, and GFRTS specimens. As shown in Fig. 3, the 

stress-strain curves of all samples demonstrated that they 

had a similar pattern. For example, PR15GF1 in the initial 

stage (0 – 0.6% strain) shows the compact phase in which 

the strain growth rate is fast and neither dependent on the 

PR nor fibers content. In linear stage (0.6 – 1.9% strain), the 

stress-strain curve is linearity with large deformation and 

steep slope. Therefore, it can be inferred that strength 

development is mainly related to the dosage of PR and  

 

Fig. 2 The variation in the dry density with different PR and fibers contents of treated sand 
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fibers. In nonlinear stage (1.9 – 2.2% strain), the strain rate 

is faster than that the linear stage and the strain at peak can 

be observed in this stage. In the failure stage (2.2% – strain 

at failure), it displays a downward trend of the curve after 

peak stress. The post-peak feature in this stage can explain 

whether it exhibits brittleness or ductile behavior. The 

flatter curve is the toughness of the material, and the steeper 

slope indicates the brittleness behavior. As shown in Fig. 3, 

the post-peak characteristic (i.e., in failure stage) of 

polymer and fiber-treated sand samples shows a steep slope 

with an additional PR content of 15% and 17.5%. While the 

 

 

PR content exceeds 17.5%, the post-peak tends to be flat 

and exhibits a higher strain at failure, demonstrating good 

toughness. Thus, it can be stated that the presence of PR has 

a significant influence on the stress-strain characteristics. 

   

3.1.2 Compression failure mode  
The failure patterns of the cemented soil based on the 

study provided by Hatibu and Hettiartchi (1993) were 

observed during the UCS test and depicted compression 

failure in Figs. 4-6. As seen in Fig. 4, the brittle-slabbing 

failure mode was observed in the PRTS with 15% PR and  

  
(a) PR=15% (b) PR=17.5% 

  
(c) PR=20% (d) PR=22.5% 

 
(d) PR=25% 

Fig. 3 The axial stress-strain curves of the PRTS, NFRTS, and GFRTS 
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17.5% PR. In contrast, the failure mode of the PRTS 

seemed to be changing in ductile flow pattern when 

increasing PR contents exceeds 17.5%. The related stress-

strain curves were mostly in good agreement with this 

failure behavior. Figs. 5 and 6 show the failure patterns of 

the NFRTS and GFRTS specimens after the UCS test, 

respectively. As observed, the failure pattern of the NFRTS 

and GFRTS with increasing fibers content were relatively 

similar. The samples with an additional PR content of 15% 

to 20% mostly show the brittle-faulting mode of failure, and 

the fractured area is large. However, the failure pattern of  

 

 

 

NFRTS and GFRTS containing PR contents higher than 

20% gradually changes to shear-faulting mode with narrow 

and short fracture. 

 
3.2 Tensile strength and failure pattern 
 

Table 4 and Fig. 7 present the tensile strength (qt) of 

treated sand specimens with different polymer and fibers 

contents. For the pure PR treated sand specimen, the qt 

increases from 942 to 1,465 kPa for the PR content 

increments from 15% to 17.5%. After that, it decreases from  

Table 4 A summary of the results under the UCS and splitting tensile tests 

Mixtures *pc (%) fc (%) qu (kPa) qr (kPa) qt (kPa) E50 (MPa) Sr 

PR15 15 - 3,955 3,234 942 179.77 0.24 

PR17.5 17.5 - 6,093 4,632 1,465 179.21 0.24 

PR20 20 - 4,734 4,421 1,295 131.50 0.27 

PR22.5 22.5 - 2,942 2,918 650 77.42 0.22 

PR25 25 - 922 950 185 30.73 0.20 

PR15NF0.5 15 0.5 2,772 2,191 786 173.25 0.28 

PR17.5NF0.5 17.5 0.5 4,945 3,368 1,157 154.53 0.23 

PR20NF0.5 20 0.5 5,636 4,850 1,492 201.29 0.26 

PR22.5NF0.5 22.5 0.5 4,185 3,568 1,594 179.46 0.38 

PR25NF0.5 25 0.5 3,824 3,350 1,471 136.57 0.38 

PR15NF1 15 1.0 3,256 1,882 891 125.23 0.27 

PR17.5NF1 17.5 1.0 3,887 2,476 1,086 121.47 0.28 

PR20NF1 20 1.0 5,160 4,205 1,364 184.29 0.26 

PR22.5NF1 22.5 1.0 4,780 4,550 1,493 164.83 0.31 

PR25NF1 25 1.0 3,617 3,040 1,194 139.12 0.33 

PR15GF0.5 15 0.5 3,875 2,384 878 193.75 0.23 

PR17.5GF0.5 17.5 0.5 4,520 3,910 972 205.45 0.21 

PR20GF0.5 20 0.5 4,635 4,085 1,262 220.71 0.27 

PR22.5GF0.5 22.5 0.5 4,335 3,200 1,321 264.33 0.30 

PR25GF0.5 25 0.5 3,950 3,368 1,147 219.44 0.29 

PR15GF1 15 1.0 2,815 1,562 785 175.94 0.28 

PR17.5GF1 17.5 1.0 3,047 2,490 908 190.44 0.30 

PR20GF1 20 1.0 4,487 3,830 1,340 224.35 0.30 

PR22.5GF1 22.5 1.0 3,837 2,885 1,653 239.81 0.43 

PR25GF1 25 1.0 2,667 2,240 1,216 166.69 0.46 

*pc :  Para rubber content; fc :  Fiber content 

 
Fig. 4 Compressive failure of the PRTS 
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1,585 to 185 kPa for the PR content increases from 17.5% 

to 25%. As shown in Figs. 7(a) and 7(b), the qt values for 

the NFRTS and GFRTS samples, as the PR content 

increases before 22.5%, decreases with the PR content 

increasing beyond 22.5%. For example, the qt values of the 

specimens reinforced with 0.5% NF and the PR content 

with 15%, 17.5%, 20%, 22.5%, and 25% are 786 kPa, 1,157 

kPa, 1,492 kPa, 1,594 kPa, and 1,471 kPa, respectively. 

Figs. 8-10 displays the tension failure patterns of treated 

sand specimens. Fig. 8 shows the failure patterns of PRTS 

specimens with a variation of PR contents. As observed, the 

sample with PR contents of 15% and 17.5% displayed 

vertical failure, and the staggering crack was found in the 

specimen of PR20 while the samples which contained PR 

contents of 22.5% and 25% showed a narrow multiple and 

vertical cracks, respectively. Figs. 9 and 10 show cracked 

patterns of the NFRTS and GFRTS specimens (NF and GF 

content = 0.5%), respectively. The vertical, multiple, and 

staggered cracks were found for the NFRTS and GFRTS 

 

 

 

samples. As seen, the addition of the PR and fibers led to 

changes in the pattern of failures. For example, from Fig. 8, 

the vertical crack was found in the specimens PR15NF0.5 

and PR17.5NF0.5 while the specimens PR20NF0.5 and 

PR22.5NF0.5 displayed multiple cracks. The staggered and 

multiple cracks indicated the influence of the PR and fibers 

in reducing the crack propagation. This aspect could be 

explained that when tension cracks were forming, fibers 

served as linking that absorbed the tensile load. 

 

3.3 Effect of PR on strength behaviors 
 

The mean values of qu and qt are shown in Table 4. The 

effect of the PR content on the strength behavior of the 

PRTS specimens was described through the variation of 

UCS (qu) and tensile strength (qt). As shown in Fig. 11, the 

qu of PRTS specimens (i.e., 0% fiber) had an increasing 

trend within PR contents of15% to 17.5%, and the decrease 

in the strength was observed when the PR contents of 20%,  

 
Fig. 5 Compressive failure of the NFRTS 

 
Fig. 6 Compressive failure pattern of the GFRTS 
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22.5%, and 25% were added. For NFRTS and GFRTS, the 

qu increased with the increment of PR content from 15% to 

20%. Beyond 20% PR addition, a dwindling trend in the qu 

was observed. Thus, it can be stated that the presence of PR 

played a significant role in the UCS development, and that 

also revealed the optimum PR content (OPC) of the 

mixtures. As observed in Fig. 11, the OPCs based on the 

UCS test of the PRTS, NFRTS, and GFRTS samples are 

17.5%, 20%, and 20%, respectively. The effect of PR on 

tensile strength can be illustrated in Fig. 7. The variation of 

qt has a similar trend as the UCS, but the OPC is different. 

It was found that the OPCs of treated sand specimens 

are17.5%, 22.5%, and 22.5% for the PRTS, NFRTS, and 

GFRTS, respectively. 

 

 

 

 

 

3.4 Effect of NF and GF on strength behaviors 

 

The qu and qt values at the OPC were selected to 

describe the effect of fibers content on the strength behavior 

of the treated sand specimens. The qu values at the OPC of 

the NFRTS specimens (Table 4 and Fig. 11(a)), with 0.5% 

and 1% of NF content were 5,636 kPa, and 5,160 kPa, 

respectively, which increased by 902 kPa (19%) and 426 

kPa (9%) when compared with pure PR treated sand of 

4,734 kPa. For the GFRTS specimens (Table 4 and Fig. 

11(b)), the qu of specimens with 0.5% and 1% of GF 

content were 4,635 kPa, and 4,487 kPa, respectively. The qu 

values decreased by 99 kPa (2%) and 247 kPa (5.5%) when  

  
(a) PRTS and NFRTS (b) PRTS and GFRTS 

Fig. 7 The splitting tensile strength of treated sand 

 
Fig. 8 Failure pattern under spitting tension test of the PRTS 

 
Fig. 9 Failure pattern under spitting tension test of the NFRTS 

 
Fig. 10 Failure pattern under spitting tension test of the GFRTS 
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compared with the sample PR20. As observed in Figs. 7(a) 

and 7(b), the qt of specimens PR22.5NF0.5, PR22.5NF1, 

PR22.5GF0.5, and PR22.5GF1 were 1,594 kPa, 1,493 kPa, 

1,321 kPa, and 1,653 kPa, respectively. The qt values 

increased by about 2.45, 2.30, 2.03, and 2.54 times of the 

specimen PR22.5, respectively. It could be described that 

the PR and fibers treatment led to an enhancement both in 

compressive and tensile strength of the treated sand 

specimen. 

 

3.5 Stiffness modulus   

  

The secant elastic modulus (E50), a parameter that 

describes the stiffness of soil, is determined by the ratio of 

axial stress (at half of qu) to its corresponding strain in the 

linear stage as the aforementioned. Table 4 and Fig. 12 

present the E50 obtained from the UCS stress-strain curve of 

all specimens. As shown in Fig. 12, the E50 of 0% fiber 

(PRTS samples) decreased with the increasing PR contents. 

On the other hand, the E50 tends to increase in each fiber 

content with an increment in PR contents of 15% to 20%. 

After adding PR contents that exceed 20%, the reinforced 

specimen stiffness of each fiber content tends to reduce. 

This indicates that the mixture had changed its brittle 

behavior to a more ductile one. It can be inferred that when 

PR content increased to an optimum value of 20% and 

22.5%, the E50 of the NFRTS and GFRTS specimens were 

enhanced, respectively. As observed in Fig. 12 and Table 4,  

 

 

 

the E50 of specimens PR20NF0.5 and PR20NF1 increased 

by about 53% and 40%, respectively, compared with the 

sample PR20. The E50 of specimens PR22.5GF0.5 and 

PR22.5GF1 increased by about 241% and 210%, 

respectively, compared with the sample PR22.5. From this 

result, it can be inferred that an increase of fibers in the 

PRTS samples can significantly increase the stiffness of the 

mixture as the included fibers restrain the horizontal 

deformation of treated sand samples. The results of the E50 

presented above indicate that the GF provides a better 

stiffness than that NF. 

 

3.6 Strength ratio analysis 
 

The strength ratio (Sr) is defined as the ratio of tensile to 

compressive strength (qt/qu). The higher the Sr value, the 

better the ductile behavior (Liu et al. 2020). The 

relationship between Sr of reinforced sand is shown in Figs. 

13(a) and 13(b). As shown in Fig. 13(a), the Sr of PR treated 

sand yielded an optimum state when PR content reached 

20%. The Sr increased with NF content up to 0.5%, and 

afterward, it decreased slightly. For example, at 22.5% PR 

content, the Sr value of NFRTS increased from 0.22 to 0.38 

with 0% and 0.5% NF and then reduced to 0.31 at 1% NF. 

It indicates that the ductility of sand is treated after the 

addition of NF content, not more than 0.5%. Fig. 13(b) 

shows the effect of the PR and GF on the Sr of the GFRTS 

specimens. As the PR content increased, the increasing  

  
(a) PRTS and NFRTS (b) PRTS and GFRTS 

Fig.  11 The unconfined compressive strength of treated sand 

  
(a) PRTS and NFRTS (b) PRTS and GFRTS 

Fig. 12 The E50 of treated sand 

369



 

Sommart Swasdi, Arsit Iyaruk, Panu Promputtangkoon and Arun Lukjan 

 

 

 

 

trend for the Sr was observed. Similarly, the Sr values also 

increased with increasing GF content. It is illustrated that 

the PR and GF play a dominant role in the strength ratio 

when the reinforced sand specimens are subjected to tension 

rather than compression, especially with the PR content that 

exceeds 20%. 

 

3.7 Combined mechanism of the fibers-PR-treated 
sand 

 

The microstructure of the PR treated sand and fibers-

reinforced treated sand specimens were investigated by the 

scanning electron microscopy (SEM, JSM-5800 LV). Fig. 

14 displays the SEM images of the PRTS, NFRTS, and 

GFRTS specimens at the magnification of 200 times. As 

shown in the microstructure of the PRTS in Fig. 14(a), it is 

clearly observed that sand grain surfaces were coated by 

PR. As a result, the cohesive force between sand particles 

effectively improved. This promoted the increase of 

strength and stiffness, causing the binding and confinement 

ability of PR film (Banjongkliang et al. 2015). The SEM 

micrographs of NFRTS and GFRTS specimens are shown in 

Figs. 14(b) and 14(c), respectively. As seen, the fiber 

surface was wrapped by PR, contributing to increasing 

interlocking zone and bonding of PR-sand interface. Thus, 

it indicates the synergy effect of PR and fibers. Previous 

research (e.g., Wei et al. 2018, Liu et al. 2020) also reported 

similar results. It is confirmed that the stiffness and strength 

ratio of NFRTS and GFRTS are higher than the specimen 

PRTS. 

 

 

 

3.8 Possible PR treatment in geotechnical 
engineering practices 

 

In Thailand, PR has been adopted in terms of soil 

stabilization, especially in pavement material applications 

(i.e., asphalt surface and granular-bound materials). Since 

2017, the government of Thailand had the policy to increase 

PR domestic consumption due to its low price. Recently, 

attempts have been made to use PR to enhance the strength 

properties of pavement materials (e.g., Paotong et al. 2020, 

Buritatun et al. 2020, Kererat et al. 2022). The selected 

fiber-reinforced PR treated sand mixtures from this study 

were compared via those studies underlying the Thailand 

Department of Highway Specifications (DH-S) as shown in 

Fig. 15. The minimum qu value (dashed line) for soil 

cement subbase (DH-S 206/2564, 2021), soil cement base 

(DH-S 204/2564, 2021), and cement modified crushed rock 

base (DH-S 203/2556, 2013) is 0.689 MPa, 1.72 MPa, and 

2.41 MPa, respectively. The letters B and C refer to the 

contents of the bottom ash and cement, respectively. As 

seen in Fig.15, the qu from the present study exhibits the 

highest values among others and meets all design criteria. 

Moreover, the additional tensile strength as the result of 

fibers reinforced could be reduced the tensile strain due to 

the traffic loads.  
Thus, it can be stated that fiber-reinforced PR treated 

sand (i.e., NFRTS and GFRTS) displays promising potential 
for utilization as alternative pavement materials, especially 
for base course material. Despite the durability concerns in 
this study, Kererat et al. (2022) report that a soil-cement  

  
(a) PRTS and NFRTS (b) PRTS and GFRTS 

Fig. 13 The strength ratio of treated sand 

   
(a) PRTS (b) NFRTS (c) GFRTS 

Fig. 14 SEM images of the treated sand with 200-time magnification 
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mixture containing PR has sufficient durability against 
wetting-drying cycles. However, the long-term durability of 
fiber-reinforced PR treated sand needs to be verified to 
ensure its use in practical implementation. Although the PR 
has a higher cost than conventional binders (e.g., cement or 
lime), the superior strength of such fiber-reinforced PR 
treated sand revealed a remarkable advantage. Therefore, 
more analysis in terms of economic feasibility is 
recommended for future research.  

 
 
4. Conclusions 

 

A series of laboratory tests, including UCS, splitting 

tensile, and SEM tests, were performed on fiber-reinforced 

PR-treated sand specimens. In addition, the effect of natural 

and geosynthetic fibers on the engineering properties of PR-

treated sand was investigated. The findings are summarized 

as follows: 

 The presence of PR and fibers has a significant impact on 

the stress-strain characteristics of the mixtures, which 

exhibit the typical features of treated sand specimens, 

including compaction, linear, nonlinear, and failure 

stages. The stress-strain curve generally showed strain 

softening at PR content of about 15% - 20% and strain 

hardening at PR content greater than 20%. 

 The failure patterns of the reinforced sand specimens 

have been changed depending on their PR and fibers 

contents and load patterns. For compressive failure, an 

additional PR content of 15% to 20% mostly showed the 

brittle-faulting mode of failure, and the fractured area 

was large. The failure pattern of NFRTS and GFRTS 

containing PR contents higher than 20% gradually 

changes to shear-faulting mode with narrow and short 

fractures. In tensile mode, the vertical cracks, multiple 

cracks, and the staggered cracks were observed and it 

was found that when tension cracks were forming, fibers 

served as linking that absorbed the tensile load.  

 The effects of PR-fibers reinforced sand can be explained 

through the result of stiffness value. The stiffness of  

 

 

PRTS samples decreases with the increasing PR contents. 

On the other hand, the stiffness increases in each fiber 

content with an increment in PR content of 15% to 20%. 

After adding PR content that exceeds 20%, the reinforced 

specimen stiffness of each fiber content tends to reduce, 

which indicates the mixture has changed its brittle 

behavior to a more ductile one. 

 When the OPC was considered, the addition of 0.5% 

fiber in PR treated sand sample contributed to the 

increase in the stiffness. The stiffness increased by about 

53% for PR20NF0.5 and 210% for PR22.5GF0.5. 

Moreover, the result of the E50 indicated the GF provides 

a better stiffness than the NF. The strength ratio increased 

with the increase of NF and GF content, indicating that 

the ductility of the mixtures had been improved.  

 The microstructure image illustrated the combined 

mechanism of the fibers-PR-treated sand. As observed, 

the fiber surface was wrapped by PR, contributing to 

increasing interlocking zone and bonding of PR-sand 

interface. 

 In summary, the additional PR content of 17.5% 

displayed good performance of PR-treated sand. 

Furthermore, the addition of NF and GF at 0.5% with a 

PR content of 20%, exhibited a good performance of the 

fiber-polymer treated sand. 

 Engineering properties of PRTS, NFRTS, and GFRTS 

obtained in the present study indicated the feasibility for 

use in road application. Moreover, it may also apply to 

increase the bearing capacity of shallow foundations due 

to the shear strength parameters of sandy soil having 

been improved.  
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